SUMMARY There are conflicting opinions about the frequency range of temporomandibular joint (TMJ) sounds. Some authors claim that the upper limit is about 650 Hz. The aim was to test the hypothesis that TMJ sounds may contain frequencies well above 650 Hz but that significant amounts of their energy are lost if the vibrations are recorded using contact sensors and ⁄ or travel far through the head tissues. Time-frequency distributions of 172 TMJ clickings (three subjects) were compared between recordings with one microphone in the ear canal and a skin contact transducer above the clicking joint and between recordings from two microphones, one in each ear canal. The energy peaks of the clickings recorded with a microphone in the ear canal on the clicking side were often well above 650 Hz and always in a significantly higher area (range 117-1922 Hz, P < 0AE05 or lower) than in recordings obtained with contact sensors (range 47-375 Hz) or in microphone recordings from the opposite ear canal (range 141-703 Hz). Future studies are required to establish normative frequency range values of TMJ sounds but need methods also capable of recording the high frequency vibrations.
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Introduction
Temporomandibular joint (TMJ) sounds are important signs of temporomandibular disorder (TMD) and routinely recorded in patients with suspected TMD, but verbal descriptions of sounds* recorded by auscultation are not suited for comparisons between observers (Watt, 1963 (Watt, , 1966 . Many attempts have therefore been made to instead record TMJ sounds electronically when collecting such data for statistical analysis (Ekensten, 1952; Watt, 1963 Watt, , 1966 Ouellette, 1974; Widmalm & Hedegå rd, 1974; Gay & Bertolami, 1987; Hutta et al., 1987; Prinz, 1998) . Different types of sensors have been used, microphones (Watt, 1963 (Watt, , 1966 Widmalm, Williams & Adams, 1996b; Ouellette, 1974; Prinz, 1998; Leader et al., 1999) , accelerometers (Owen, 1996; Widmalm & Hedegå rd, 1974; Ishigaki, Bessette & Maruyama, 1993) , or a combination of microphone and stethoscope (Watt, 1966; Gallo et al., 1993) . The sites chosen for placing the microphone have also differed between authors. Some have recorded with the microphone in contact with the skin above the zygomatic arch (Ouellette, 1974) . Others placed the microphone in the auditory meatus (Yoshida et al., 1994; Widmalm et al., 1996b; Sano et al., 1999) .
The design of a system for electronic recording and analysis of TMJ sounds is dependant on what frequency area the research is aimed to study. The results are therefore significantly affected by the choice of sampling rate (SR). The methods used for electronic recording of TMJ sounds differ significantly in this aspect. Presently some authors claim that little if any energy is to be found in the frequency area above about 650 Hz. (Ishigaki et al., 1993; Owen, 1996; Olivieri et al., 1999; Garcia et al., 2000) and restrict the SR to 1300 Hz or lower. Other authors report that they have recorded frequencies well above 650 Hz (Widmalm, Williams & Zheng, 1991; Yoshida et al., 1994; Prinz, 1998; Sano et al., 1999) and Widmalm et al. (1996b) recommended an SR of at least about 10 000 Hz.
The question about the true frequency range of TMJ sounds and the optimal SR can be brought closer to a solution by recording the same TMJ sounds with more than one type of sensor. More accurate comparisons can then be made between the characteristics, such as time-frequency distributions and power spectra, of the TMJ sounds recorded with different types of sensors and sites (Fig. 1) for attachment. There is a need for such studies to facilitate optimal configuration of hardand software in future studies on TMJ sounds.
The hypotheses were • That TMJ sounds may contain frequencies well above 650 Hz.
• That the TMJ sounds are reduced in energy content when they propagate through head tissues.
• That the high frequency parts of TMJ sounds above 650 Hz are more reduced in energy content in recordings with skin contact transducers than in microphone recordings.
The aim was • To compare the frequency content of TMJ vibrations recorded simultaneously with a microphone at the opening of the ear canal and with transducers placed with skin contact above the same side TMJ and with a microphone at the contralateral ear opening.
Methods
Two-channel TMJ sound recordings (n ¼ 172) were made from three adult subjects (two females, one male) who had non-painful clicking. The subjects were fully informed of the experiments and agreed to take part. The TMJ clickings were recorded with two small electret condenser microphones (diameter 5 mm) † , bandwidth 40-20 000 Hz and with a piezoelectric accelerometer ‡ that had a resonant frequency at 3800 Hz and a flat response between 30 and 3600 Hz. Electronic recordings were also made with a microphone placed in the earplug of a stethoscope with 50 cm long tubing while the diaphragm of the endpiece was held in contact with the skin above the TMJ. The stethoscope was of a commonly used type as illustrated in Jarvis (1992) . A headphone holder held the accelerometer in place over the lateral aspect of TMJ. The microphones and the stethoscope were held in place manually.
The microphones were calibrated at the start of each session by recording a 1000-Hz, signal § that had a 94-dB (RMS) peak-to-peak sound pressure level ¶ (peSPL) (Mendel, Danhauer & Singh, 1999) . The signals were digitized using a 24-bit sound card** and an SR of either 48 000 or 96 000 Hz. Most clickings can be recorded both on the side of origin and on the contralateral side (Watt, 1966; Hashimoto et al., 1990; Widmalm, Williams & McKay, 2002) . The contralaterally recorded sound (here called an 'echo'), has most often, but not always, a slightly lower peSPL. We, therefore, decided the side of origin by comparing the time locations because the echo appears about 1 ms or less later in time (Widmalm et al., 2002) as illustrated in Fig. 2 . The transfer function of the clicking sounds was calculated as described by Widmalm et al. (2002) to ensure that each pair of sensors was recording the same sound. Magnitude, phase shift and time delay were compared between the two groups of sound recordings made during each patient session. They were accepted as being from the same clicking if the coherence was ‡ 80%. The recordings were made in a quiet office. With the computer (PC) on, the noise level was about 55 dB peSPL (RMS) as measured † † (C-weighting) 1 m from the PC (Mendel et al., 1999) . The C-weighting is essentially flat. A-weighting that would have given much lower dB values is based on the 40-phon Fletcher-Munson equalloudness contour (Ballou, 1998) and was not adequate here because the electronic TMJ sound recordings were not adjusted that way. To the best of our knowledge such adjustments have not been used in TMJ sound research. With the PC off the level was close to 50 dB peSPL. Test recordings were made with all sensors during mandibular rest. The energy content in those recordings was negligible when compared with the energy content in the TMJ clicking sounds. The equivalent noise peSPL during jaw movements and between clickings or crepitations was negligible in linear graphical displays of the power spectra. The recordings were always made with one microphone at the ear canal opening on the same side as the clicking joint. Recordings were made in five sessions with the second transducer placed as follows. Session 1. An accelerometer held by a headphone frame in contact with the skin above the same side TMJ.
Session 2. A second microphone mounted in the earplug of a stethoscope with the stethoscope's endpiece held in contact with the skin above the same side TMJ.
Session 3. A second microphone held at the opening of the contralateral ear canal.
Session 4. A second microphone held about 2 mm above the skin above the same side TMJ.
Session 5. A second microphone held in contact with the skin above the same side TMJ.
The TMJ sounds were recorded during jaw openingclosing cycles (about 1-2 cycles per second). The subjects were asked to open as wide as they could, at least 10, and, if possible without feeling pain or discomfort, 15-25 times. Sessions 4 and 5 were not repeated with subject nos 2 and 3 because they started to feel slight discomfort after finishing session no. 3.
The analogue waveforms were continuously displayed on the PC monitor during the opening-closing cycles to check that adequate gain was used. The recordings were analysed using Cool Edit Pro ‡ ‡ , Matlab § § software, and application programs written in Matlab. The locations of the energy peaks of the clicking sounds in the frequency domain were estimated from the binomial kernel Reduced Interference TimeFrequency Distributions (Williams & Jeong, 1991; Jeong & Williams, 1992) , some of which are shown as contour plots in Fig. 3 . Power spectra (Figs 4a, 5a and 6a) were produced to illustrate differences in the distribution of energy in relation to frequency. Cumulative energy distributions were also plotted where the percentage of energy below and above a certain frequency could be read (Figs 4b, 5b and 6b) . The signals were stored with lengths, long enough to contain the total duration of the sound waveform of interest, if possible without including neighbour sounds. The power spectral density (PSD) was calculated using Welch's periodogram method (Welch, 1967) as embodied by the Matlab function 'SPECTRUM'. The length of the Fourier Transform (NFFT) was the same as, or slightly longer than, the length of the signal and always a power of 2. The power of a signal over a particular frequency band was found by summing the PSD over that band.
The energy peak locations were compared within subjects and between sensors using Paired Samples t-test and ANOVA General Linear Model for Repeated Measures.
¶ ¶ The null hypothesis that the samples came from populations with the same variance was tested using the Levene test (Norušis, 2000) .
Results (details are given in Tables 1 and 2) The energy peaks were always in a significantly higher part (P < 0AE05 or less, Table 1 ) of the frequency domain in the recordings with the microphone at the opening of the auditory canal than with the microphone mounted in a stethoscope or in the recordings with any of the sensors in contact with the skin above the same side TMJ. The peaks were also in a significantly lower frequency area (P < 0AE01 or less, Table 1 ) in the recordings with a second microphone in the ear canal on the side opposite to the clicking joint. Fig. 4a recorded with a microphone (thick line) and with a skin contact accelerometer (thin line). The vertical axis is labelled in percentage of total energy. In the accelerometer recording almost 100% of the energy is below 300 Hz while more than 90% of the energy is above 500 Hz in the microphone recording (arrow 1). Note that the microphone recorded TMJ clicking has about 10% of its energy in the area from about 1200 Hz up to about 3300 Hz (arrow 2). It is obvious that huge amounts of energy above 300 Hz was lost and not recorded when using the skin contact accelerometer. The graphs show the difference in cumulative energy distribution of the TMJ sound in Fig. 5a as recorded with a microphone in the ear canal (thick line) and with a microphone placed in the earpiece of a stethoscope (thin line) that was held with skin contact above the clicking joint. The vertical axis is labelled in percentage of total energy. In the stethoscope recording almost 100% of the energy is below 300 Hz while most of the energy, about 90%, is above 600 Hz in the microphone recording. Note that the TMJ clicking has a clearly visible part of its energy in the area above 1500 Hz. It is obvious that huge amounts of energy above 300 Hz were lost and not recorded when using a stethoscope. Note the differences in shape of waveforms and spectra. The clicking is more peaky than the echo that is 'smoothed out'. The clicking energy is distributed over a much higher frequency range than that of the echo. The differences are most probably due to the filtering effect of the head tissues. The echo has a longer distance to pass through head tissues before reaching the microphone. Fig. 6a as recorded with a microphone on the clicking side (thick line) and the echo recorded with a microphone placed in the ear canal opposite to the clicking joint (thin line). The vertical axis is labelled in percentage of total energy. In the echo recording most of the energy is below 800 Hz while most of the energy ( 90%) is above 800 Hz in the recording with the microphone on the clicking side. This indicates that energy is lost, especially in the high frequency areas, during passage through head tissues. Such loss should also affect comparisons between skin contact recordings from subjects with different thickness of adipose tissue in the TMJ areas.
The ranges of the energy peak locations were for the recordings with the microphone in the ear canal at the clicking side 117-1922 Hz (n ¼ 172); for the microphone at the side opposite to the clicking joint 141-703 Hz (n ¼ 60); for the skin contact accelerometer 47-188 Hz (n ¼ 45); and for the stethoscope recording (with microphone in the ear plug) 125-375 Hz (n ¼ 43) ( Table 1 ). The energy peaks were always in a significantly higher part (P < 0AE001) of the frequency domain in the recordings with the microphone at the opening of the auditory canal than with the second microphone held either a few millimetres above the skin or in contact with the skin above the clicking joint (Table 2) .
Discussion
Electronic TMJ sound recordings have the potential to be of diagnostic value. The results from such recordings may, however, be as unreliable as auscultatory findings if recordings are made with methods that fail to record, without distortion, the waveforms and the energy content over the sounds' whole dynamic and frequency ranges. The main result of this study was that TMJ sounds, contrary to a widespread opinion, may certainly contain significant amounts of energy in the frequency areas well above 650 Hz but that those parts are lost, or have their energy content significantly reduced, in recordings with skin contact transducers. We therefore strongly object to those who claim that all or almost all the energy of TMJ vibrations is always in the area below 650 Hz. The possible occurrence of higher frequencies and their significance as characteristics of TMJ vibrations should thus not be ignored when choosing sensors and SRs. The reason for the absence of high frequencies in the data of some studies (Ishigaki et al., 1993; Owen, 1996; Olivieri et al., 1999; Garcia et al., 2000) is to us a combination of their exclusive use of skin conduct transducers and too low SRs.
The aim of this study was not to establish normative values for the energy distributions in different types of TMJ sounds. That will be the subject of future studies. However, when planning those it is necessary to first know if there is a systematic difference in spectra 
Total n 148
Values are in Hz. Mean (in Hz) and standard errors (s.e.) are given for each recording session from subjects nos 1-3. Microphone in ear ¼ recording from a microphone placed in the ear canal at the same side as the clicking joint. Accelerometer ¼ accelerometer held in place by a headphone holder on the skin above the clicking joint. Stethoscope ¼ microphone in earplug of a stethoscope with the end-piece held in contact with the skin above the clicking joint. Microphone echo ¼ microphone placed in the ear canal on the side opposite to the clicking joint. n ¼ number of two-channel recordings. P ¼ probability.
obtained with the different sensors and SRs used in earlier research. Most important for us was to compare between recordings with microphones and recordings with transducers placed with skin contact above the joint. Because we always compared pairs of recordings of the same sounds between sensors we feel confident that microphones do pick up significant amounts of high frequency vibrations that are very much attenuated or even lost if recording with skin contact transducers or using SRs as low as 1000-1300 Hz. It is still an open question what the proportions of low versus high frequencies are in the original TMJ sounds before they are filtered by the tissues surrounding the TMJ on the way to recording contact sensors or microphones. None of the methods published so far can give a perfect representation of the original frequency distribution. Future studies may need to use more than one transducer type. Contact sensors and microphones have their pros and cons and there is no reason to always exclude one type for the other. Whatever be the type used, the SR has to be very much higher than 1300 Hz to allow a representative display of the frequency content of the TMJ sounds (Widmalm et al., 1996b) . High SR are also needed to record clickings with short duration (1-2 ms). Those clickings may be very loud but become severely distorted or not recorded at all if the SR is as low as 1000 Hz (Widmalm et al., 1996b) . We used an SR of 48 000 or 96 000 Hz. Even higher SR may be needed to localize a clicking to side because the time difference between a clicking and its contra-laterally recorded echo may be less than 1 ms (Widmalm, Williams, & Yang, 1999; Widmalm et al., 2002) .
Our results support the authors (Ouellette, 1974; Gay & Bertolami, 1987; Gallo et al., 1993; Widmalm et al., 1996a; Prinz, 1998 ;) who also often found energy in areas above 650 Hz. We consider it not possible to presently say for sure what the upper limit is for the frequency range of TMJ sounds. It may well be that the high frequency parts above 2000 Hz, even as high as 16 000 Hz, have more clinical significance than the low frequency parts as indicated by reports about knee joint sounds (Chu et al., 1976a, b; Chu, Gradisar & Mostardi, 1978) . Determining the upper limit of the TMJ sounds' frequency range and the prevalence of different types of frequency distributions will be the subject of future studies.
Like most authors we also found large amounts of energy in low frequency areas well below 650 Hz in the microphone recordings (Oster et al., 1984; Remington et al., 1990; Tallents et al., 1993) . This means that low frequency energy may be attenuated but not necessarily lost. The proportions of low versus high frequency energy in the power spectra were, however, very different in the contact sensor and the microphone recordings (Fig. 4-6 ). The energy peaks were always in a higher frequency area in the microphone recordings than in the simultaneously made contact sensor recordings.
There are several possible reasons for the differences in relative distribution of low versus high frequencies between the microphone and the contact sensor Subject no. 1 Microphone in ear 533 ± 141AE3 592 ± 29AE3 Second microphone about 2 mm above the TMJ skin 11 230 ± 22AE3 < 0 AE001 Second microphone in contact with skin above TMJ 13 174 ± 6AE3 < 0AE001
Total n 24
Values are in Hz. Mean (in Hz) and standard errors (s.e.) of energy peak locations are given for recording sessions 4-5 from subject no. 1. Microphone in ear ¼ recording from a microphone placed in the ear canal at the same side as the clicking joint. Second microphone was, in session 4, held about 2 mm above the skin above the clicking TMJ. In session 5 the second microphone was held in contact with the skin above the clicking joint. n ¼ number of two-channel recordings. P ¼ probability. The energy peaks were located in significantly lower frequency areas in the recordings with the second microphone than in the recordings with the microphone placed in the ear canal.
recordings. One is the loose attachment of the accelerometer when placed in contact with the skin above the TMJ. Accelerometers are supposed to be firmly attached to a hard surface to avoid losing parts of the signal's high frequency content. Such a mounting is possible when recording TMJ sounds only by fastening the accelerometers to the subject's teeth as Drum & Litt (1987) did. Such a method is, however, not convenient for routine use in clinical applications, although in autopsy studies, the accelerometer can be fastened to the metal face of the holder where the specimen is fixed (Widmalm et al., 1992) . When mounting the accelerometers on a hard surface Drum & Litt (1987) and Widmalm et al. (1992) found the frequency range of TMJ sounds to extend far beyond 650 Hz. The main reason for using skin contact transducers is based on the theory that lower frequency sounds are best recorded with contact sensors. Groups advocating contact sensors (Frank, Rangayyan & Bell, 1990; Owen, 1996; Bracco et al., 1997) often refer to Mollan, McCullagh & Wilson (1982) and to Kernohan et al. (1990) . They pointed out that when the TMJ sounds propagate through the skin barrier into air, part of the energy is reflected due to the difference in acoustic impedance between the emitting bone ⁄ skin system and the surrounding air. This affects the lower frequencies more than the higher, and the loss of low frequency energy is less if the vibrations are recorded with contact sensors before they get air-borne. It is, however, important to note that their concerns were primarily about subsonic vibrations. Depending on filter settings the lower limit may be about 30 Hz in the equipment most authors use today for TMJ sound ⁄ vibration recordings. As far as we can find only Drum & Litt (1987) have recorded TMJ vibrations with equipment capable of picking up subsonic vibrations. They used B & K miniature accelerometers (model 4374***), which had a flat frequency response range of DC to 50 000 Hz. They attached the accelerometer in the best possible way by having it rigidly fixed to a mandibular tooth. Drum & Litt (1987) found, however, the lower end of the frequency range to be 50 Hz when recording from 50 subjects with a wide range of TMJ pathology. The significance of subsonic vibrations is thus not known because to the best of our knowledge no published studies have observed, or been able to record such low frequency vibrations from the TMJ.
The sounds have to pass through larger amounts of soft tissues before being recorded with contact sensors than before being recorded with a microphone in the ear canal at the same side as the clicking joint. Peura (1992) pointed out that sounds are attenuated when travelling through the body to the surface and that the largest attenuation occurs in the most compressible tissues, such as fat layers. The thickness of soft tissues, especially the adipose tissues, in the TMJ area where skin contact transducers are placed (Fig. 1 ) may vary significantly between subjects. Another advantage with using a microphone in the auditory meatus is therefore that the layers between the TMJ and the auditory canal are relatively thin ( Fig. 1 ) and most probably less variable between subjects than in the facial areas where skin contact transducers are placed. Our results support earlier findings (Widmalm et al., 2002) that the length of the path through head tissues, that the sound has to travel, affects the energy distribution and that the high frequency parts lose relatively more energy than the low frequencies. In the microphone recordings the energy peaks were observed at lower frequencies (Fig. 6 ) in recordings from the contra lateral side than in recordings from the same side as the clicking joint. That result is also supported by a study on dry bone skulls (Stenfelt, Hå kansson & Tjellströ m, 2000) where it was found that the trans-cranial attenuation was frequency dependent with a tendency towards higher attenuation at the higher frequencies.
We did not observe any differences in noise levels between sensors when using them for recording. The accelerometer was less sensitive to external sounds and had a lower noise level than the microphones we used but only when tested before being placed for recording. When attached in contact with the skin the noise increased to the same level as that of the microphones. It is, however, important to make sure that all persons in the room are silent during the recording. The microphone will pick up audible external sounds also when the auditory canal is sealed.
Results of research about vibratography are sometimes presented in a confusing way. Olivieri et al. (1999) , for instance, reported that they calculated and graphed the averages of the amount of vibratory energy measured in Hertz! They gave average values of 'Total integral (Hz)' in their Tables 1 and 2 Gallo et al. (1993) used a microphone fitted into the earpieces of a stethoscope. Placing a small microphone in the earplug of the stethoscope does, however, not mean that the recorded sound is a true representation of what we hear when using a stethoscope in auscultation. The mechanical stethoscope amplifies sound because of a standing-wave phenomenon in the listener's ear canal (Peura, 1992) . This means that the acoustic characteristics of the sound perceived by the listener may differ greatly from those of the sound electronically recorded to a computer via a microphone in the earpiece. Similar effects may influence the recordings by microphones placed in the ear canal and further studies are needed before discussing the possible implications. Nor does the microphone-stethoscope combination solve the problem with impedance shift. The diaphragm acts as a contact sensor but the vibrations picked up that way have still to pass an 'impedance-barrier' when entering the air in the tubing. It is also important to note that the recording characteristics may vary between stethoscopes (Ertel et al., 1966a, b) to such a degree that comparing between examiners becomes impossible. When a microphone is used it seems to us more convenient to place it directly into the ear canal.
In conclusion a microphone placed in the ear canal has the advantage of being as close as possible to the TMJ sound source. The microphone is superior to the skin contact transducers in recording frequencies above 300-650 Hz and those may be abundant in TMJ vibration recordings. There is no scientific reason to claim that only the vibrations below 650 Hz have diagnostic significance. Consequently there is no reason to deliberately exclude the frequencies above 650 Hz by only using contact sensors and ⁄ or by sampling with 1300 Hz or lower rates. Low frequency vibrations may be more attenuated in microphone than in skin contact transducer recordings but they are not missed. However, whatever type of transducer used for recording of TMJ vibrations, high SRs are needed and we recommend 48 000 Hz or higher. Further studies are needed to establish normative values for frequency ranges of normal joint sounds versus those correlated to pathological joint changes.
